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Abstract: We investigate the Standard Model (SM) with a U(1)B−L gauge extension
where a B − L charged scalar is a viable dark matter (DM) candidate. The dominant
annihilation process, for the DM particle is through the B−L symmetry breaking scalar to
right-handed neutrino pair. We exploit the effect of decay and inverse decay of the right-
handed neutrino in thermal relic abundance of the DM. Depending on the values of the
decay rate, the DM relic density can be significantly different from what is obtained in the
standard calculation assuming the right-handed neutrino is in thermal equilibrium and there
appear different regions of the parameter space satisfying the observed DM relic density.
For a DM mass less than O( TeV ), the direct detection experiments impose a competitive
bound on the mass of the U(1)B−L gauge boson Z ′ with the collider experiments. Utilizing
the non-observation of the displaced vertices arising from the right-handed neutrino decays,
bound on the mass of Z ′ has been obtained at present and higher luminosities at the LHC
with 14 TeV center of mass energy where an integrated luminosity of 100 fb−1 is sufficient
to probe mZ′ ∼ 5.5 TeV.
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1 Introduction
The indirect astrophysical evidence of the existence of missing mass in form of a matter,
called dark matter (DM), and the confirmation of the existence of tiny neutrino mass
through neutrino oscillation are the two major motivations to look for possible extension of
the standard model (SM). According to the Planck data [1], about a fourth of the energy
density of the Universe consists of DM. However, in the absence of any direct observation,
we are still in the darkness about the nature of DM. From the last three decades, plethora
of candidates have been imagined as a DM particle in literature. Among them one of the
most popular choices is a weakly interacting and massive particle (WIMP) whose mass lies
in the GeV to TeV range with typically weak interactions. A WIMP pair annihilation to
the SM particles provides a natural mechanism to produce the WIMP at the early Universe
and can also explain the observed DM density in current Universe. As the mass range lies
within the range GeV to TeV, these particles are accessible in current or future colliders as
well as in different direct and indirect detection experiments of DM.
An enormous number of extensions of the SM are studied where the DM particle
may have an integer or a half integer spin. Stabilization of a DM occurs naturally in the
supersymmetric models where the lightest supersymmetric particle acts as a viable DM
candidate. However in plenty of beyond standard model (BSM) extensions, an ad hoc
discrete symmetry is imposed to forbid the decay of a DM particle. The validity of the
assumption that the discrete symmetry remains unbroken due to gravitational effects at
the Planck scale suffers from a suspicion [2, 3]. This problem is eluded by identifying it to
some high scale physics which is beyond the scope of the model under consideration.
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In this paper, we consider an extension of the SM with a U(1)B−L gauge group. One
possible way to cancel the gauge anomaly is by including three right-handed neutrinos in the
theory. Thus, the model can naturally incorporate the light neutrino masses through Type-I
seesaw mechanism. Various ideas to incorporate a DM candidate in the U(1)B−L context
have been explored in literature [4]. An attractive option is to introduce a SM-singlet but
U(1)B−L-charged scalar particle which is stabilized by judicious choice of the B−L quantum
numbers. The main purpose of this work is to revisit the case where the DM pair annihilates
to right-handed neutrino pair through the B−L symmetry breaking scalar and investigate
the effect of right-handed neutrino decay and inverse decay in the thermal history of the
DM particle. The effect of right-handed neutrino decay in a context of a supersymmetric
U(1)′ extension of the SM was studied in Ref. [5]. We will see that such an effect plays
an important role in keeping the DM in thermal equilibrium and extending the allowed
parameter space satisfying the observed relic density. We present that the measurements of
spin-independent (SI) cross-section of DM-nuclei scattering in direct detection experiments
especially XENON1T [6] can impose bound on the mass of B −L gauge boson Z ′ superior
to the collider limits. The decay of a right-handed neutrino also provides very interesting
and rich phenomenology from the collider aspects. The presence of displaced vertex arising
from right-handed neutrino decay allows us the impose indirect limit on the mass of Z ′ at
the LHC with current as well as higher integrated luminosities.
The paper is organized as follows. First we briefly describe main features of the model
in Sec. 2. In Sec. 3 right-handed neutrino decay and inverse decay effects in the relic density
of DM particles are discussed. Section 4 deals with the direct detection experiment limits.
In Sec. 5 we explore the LHC signature of the pair production of right-handed neutrinos
from the decay of Z ′ and also the decay of right-handed neutrino into the SM particles.
Finally we conclude in Sec. 6 with discussion.
2 The model
In this section we briefly discuss the basic setup of the model used in our work. We consider
the extension of the SM with a gauged U(1)B−L symmetry. Apart from the SM particles,
the model contains; a U(1)B−L gauge boson Z ′, three right-handed neutrinos Ni to cancel
the B−L gauge anomaly, two SM singlet B−L charged complex scalar S and φDM where
φDM is the would-be dark matter candidate. The interaction terms in the Lagrangian due
to the new particles are given by,
LNP = −m2S |S|2 −
1
2
λSH |S|2|Φ|2 − λS(S†S)2 − λNiSN¯ ciNi − yijL¯iΦ†Nj
−m2D|φDM|2 −
1
2
λDH |φDM|2|Φ|2 − 1
2
λDS |φDM|2|S|2 − λD(φDM†φDM )2. (2.1)
The Φ and Li are the usual SM Higgs and lepton SU(2)L doublets, respectively. In Table. 1,
we show the B − L charge assigned for all the SM and BSM particles. After the B − L
symmetry breaking through the vacuum expectation value (vev) of the scalar S, mass
term for the B − L gauge boson Z ′ as well as the Majorana mass for the neutrino Ni
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are generated. The masses for light SM neutrinos are generated through the usual Type-I
seesaw mechanism:
Mνij = yikyjk
〈Φ〉2
mNk
. (2.2)
For the low-scale Type-I seesaw with mNk ∼ TeV, one typically needs Yukawa couplings as
small as yik ∼ 10−6 to generate neutrino mass scale around 0.1 eV. While lepton flavour
violation (LFV) induced by such tiny couplings can hardly appear in low-energy observables,
LFV signatures may appear at the LHC through the right-handed neutrino production and
decays [7]. On the other hand, in the case of inverse seesaw where yik can be of order
one, the induced LFV could be observed in various low-energy processes depending on the
models [8] and also interestingly in exotic Higgs decays [9–11].
Q uc, dc L ec Ni S φDM
B − L 1/3 −1/3 −1 1 −1 2 qDM
Table 1. B − L charges for all the particles present in the model.
Being a scalar DM candidate, φDM is forbidden to get VEV and mix with the symmetry
breaking fields S and Φ. Thus the scalar potential relevant for the gauge symmetry breaking
is,
V (Φ, S) = m2H |Φ|2 +m2S |S|2 +
1
2
λH(Φ
†Φ)2 + λS(S†S)2 +
1
2
λSH |S|2|Φ|2. (2.3)
After spontaneous symmetry breaking (SSB), Φ = (H+, H)T with H = (v + h)/
√
2
and S = (v′ + S0 + iS′)/
√
2 the scalar mass matrix is given by,
M(h, S0) =
(
v2λH
1
2v v
′λSH
1
2v v
′λSH 2v′
2λS
)
, (2.4)
where we have used the following minimization conditions,
∂V
∂Φ
∣∣∣∣
v,v′
= 0 =⇒ m2H =
1
4
(
2v2λH + v
′2λSH
)
, (2.5)
∂V
∂S
∣∣∣∣
v,v′
= 0 =⇒ m2S =
1
4
(
4v′2λS + v2λSH
)
. (2.6)
Allowing mixing between the two neutral components of Φ and S, we can write(
Φ
S
)
=
(
cosα sinα
−sinα cosα
)(
h
S0
)
, (2.7)
where the mixing angle is defined as
tan 2α =
v v′λSH
v2λH − 2v′2λS
. (2.8)
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The two mass eigenstates of the scalar bosons are,
m2h,S0 =
1
2
(
v2λH + 2v
′2λS ∓
√(
v2λH − 2v′2λS
)2
+ v2v′2λ2SH
)
. (2.9)
In view of the current bound on the mixing parameter α from the measurements of the
Higgs boson properties at the LHC, we assume almost vanishing mixing between the two
scalars implying cosα ' 1 through out our analysis.
The SSB of B − L symmetry provides mass term for the B − L gauge boson Z ′ given
by
mZ′ = 2 gBLv
′, (2.10)
where gBL is the B−L gauge coupling constant. At tree level, we assume no kinetic mixing
between U(1)B−L and U(1)Y gauge bosons and hence Z ′ and the SM Z boson do not mix
with each other.
The right-handed neutrinos Ni acquire mass after the SSB of B − L which is mNi ∼√
2v′λNi . We assume that only one of the three Ni’s is lighter than the DM candidate
and thus relevant for our discussion. For simplicity, we denote the mass eigenstate of the
lightest right-handed neutrino by N1 and the corresponding Yukawa coupling with the
SM Higgs and lepton SU(2)L doublet as yN . It turns out that, to satisfy the observed
relic abundance, yN cannot be large enough to produce the SM neutrino mass larger than
∼ 10−3 eV. That is, the contribution of N to the SM neutrino mass matrix is negligible and
hence only the other two heavy right-handed neutrinos are relevant to explain the observed
neutrino masses and mixing. We note that in general the Yukawa matrix yij contains off
diagonal elements however its detailed texture is not relevant for the purpose of this paper.
The complex scalar φDM does not acquire vev and has a B−L charge qDM. As discussed
in Ref. [12], some particular choices of qDM i.e., qDM 6= ±2n for n ∈ Z and n ≤ 4, forbid
the φDM to decay and hence it can be a dark matter candidate without invoking any extra
symmetry in the theory. We chose qDM = 1/2 for most of our analysis. As we discuss later
that in our case, the dominant process for the DM annihilation cross-section is through
s-channel S0 exchange, the charge of the DM candidate φDM does not affect the results
obtained in Sec. 3. However the direct detection bounds depend on the B − L charge of
φDM and will be addressed in Sec. 4. The mass term for φDM receives contribution from
both the EW and B − L symmetry breaking given by
m2DM = m
2
D +
1
4
λDHv
2 +
1
4
λDSv
′2. (2.11)
It can be seen from Eq. (2.1) that the Yukawa interaction of the right-handed neutrino
allows it to decay to SM particles via the mixing with the SM neutrinos proportional to yN
and below we quote the expressions of the decay widths of N to three possible channels hν,
1Left-handed neutrinos (νi) and right-handed neutrinos (Ni) mix in their mass basis and we get three
light neutrinos and three heavy neutrinos.
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N
(d)
Figure 1. The Feynman diagrams for the DM particle φDM annihilation to right-handed neutrino
N pair (a), annihilation of N to SM fermion anti-fermion ff¯ (b) and the decay of N to SM particles
(c), (d) are shown.
`±W∓ and Zν, respectively, where we assume cosα ' 1.
Γ(N → hν) = Γ(N → hν¯) = y
2
NmN
64pi
(
1− m
2
h
m2N
)2
, (2.12)
Γ(N → `−W+) = Γ(N → `+W−) = y
2
NmN
32pi
(
1− m
2
W
m2N
)2(
1 + 2
m2W
m2N
)
, (2.13)
Γ(N → Zν) = Γ(N → Zν¯) = y
2
NmN
64pi
(
1− m
2
Z
m2N
)2(
1 + 2
m2Z
m2N
)
. (2.14)
3 Relic density of the scalar dark matter
In this section we discuss the thermal relic abundance of the scalar DM candidate φDM .
The φDM can annihilate through three different interactions: the SM Higgs h portal, the
B−L scalar S0 portal, and the B−L gauge boson Z ′ portal. The simplistic scenario of the
Higgs portal is very strongly constrained [13] by the SI cross-section measurements at direct
detection experiments. Alternatively, as the bound on the mass of a new gauge boson from
collider experiments is currently ≥ 2.8 TeV [14], to produce the observed relic abundance
through Z ′ portal, one needs very heavy DM particle where the DM pair can annihilate
via resonant production of Z ′. In this paper, we are interested in low mass (≤ O( TeV ))
DM particle where the DM annihilates through the B−L scalar S0, predominantly. It can
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be seen from Eq. (2.1) that the B − L scalar can couple directly to only one SM particle
i.e., the Higgs doublet Φ, and thus interacts to the SM fermions through mixing. To satisfy
the current LHC bounds on the measurements of Higgs boson properties, the mixing angle
α (defined in Eq. (2.8)) should be small. Hence we assume a tiny α of the O(10−3) for
our analysis. It can be easily understood that due to the presence of tree level coupling
of S and the right-handed neutrino N , the dominant annihilation cross-section of the DM
candidate φDM is through the process φDM φ∗DM → NN as shown in Fig. 1(a). As long as
N is in thermal equilibrium for long enough time, the relic density can be estimated by
calculating the thermal average of the annihilation process mentioned above. However, N
interacts through the heavy gauge boson Z ′ and also through the tiny Yukawa coupling yN
and hence the interaction may not be very weak to keep N in thermal equilibrium through
the process of freeze-out of φDM . Thus, to study the thermal history of φDM through the
annihilation in Fig. 1(a), one also has to consider the evolution of N determined by its
annihilation (Fig. 1(b)) and decay (Figs. 1(c) and 1(d)).
We start with the coupled Boltzmann equations written in terms of the variable Yi ≡
ni/s, describing the actual number of particle i per comoving volume, where ni being the
number density, s is the entropy density of the Universe, and the variable x ≡ mDM/T as
dYDM
dx
= − 1
x2
s(mDM )
H(mDM )
〈σv〉φDM φ∗DM→NN
(
Y 2DM − Y 2N
)
, (3.1)
dYN
dx
=
1
x2
s(mDM )
H(mDM )
〈σv〉φDM φ∗DM→NN
(
Y 2DM − Y 2N
)
− 1
x2
s(mDM )
H(mDM )
〈σv〉NN→ff¯
(
Y 2N − Y eqN 2
)
− Γ
H(mDM )
x
(
YN − Y eqN
)
. (3.2)
The entropy density s and Hubble parameter H at the DM mass is
s(mDM ) =
2pi2
45
g∗m3DM , H(mDM ) =
pi√
90
√
g∗
M rpl
m2DM ,
whereM rpl = 2.44×1018 GeV is the reduced Planck mass and Y eqN is the equilibrium number
density of right-handed neutrino N given by
Y eqN ≡
neqN
s
=
45
2pi4
√
pi
8
(
g
g∗
)(mN
T
)3/2
e−
mN
T
' 0.145
(
2
100
)(
mN
mDM
)3/2
x3/2e
− mN
mDM
x
. (3.3)
Here in the last line of Eq. (3.3) we use the effective number of relativistic degrees of freedom
g∗ ' 100 and the internal degrees of freedom g = 2 for the complex scalar DM candidate
φDM . The first terms on the right-hand side of Eqs. (3.1) and (3.2) denote the forward and
backward reactions of φDM φ∗DM to NN through s-channel S0 exchange shown in Fig. 1(a).
The second term on the right-hand side of Eq. (3.2) refers to the forward and backward
reactions of NN annihilation to the SM fermion pairs ff¯ through the s-channel Z ′ exchange
(Fig. 1(b)) and the third term describes the decay and the inverse decay of N shown in
Fig. 1(c) and (d) where Γ being the total decay width of N .
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Figure 2. The actual number of φDM and N per comoving volume are shown in blue dashed
and brown dotted curves, respectively. The panels (a)–(d) are obtained by solving the coupled
Boltzmann equations (Eqs. (3.1) and (3.2)) with the total decay width Γ of N as 10−10 GeV ,
10−15 GeV , 10−18 GeV and 0 GeV , respectively. The effect of decay term is prominent from the
plots. The other parameters are chosen as follows: mDM = 140 GeV , mN = 100 GeV , mS0 =
300 GeV , mh = 125 GeV and mZ′ = 3 TeV .
The DM candidate φDM remains in thermal equilibrium through the interaction of N .
The right-handed neutrino N annihilates to the SM fermion pair via the process NN → ff¯
(Fig. 1(b)). As the current limit from LHC on mZ′ ≥ 2.8 TeV , the mentioned annihilation
cross-section is very suppressed and thus the right-handed neutrinos freezes out earlier than
the DM particle φDM . As a consequence, the DM particles are overproduced.
To avoid the overproduction of the DM, we consider the effect of the decay and inverse
decay term of right-handed neutrino in the Boltzmann equations. The decay of N to the
SM particle is governed by the Yukawa coupling yN . We vary the coupling yN for different
values of the total decay width Γ of the right-handed neutrino, by choosing all other masses
as mDM = 140 GeV , mN = 100 GeV , mS0 = 300 GeV , mh = 125 GeV and mZ′ = 3 TeV .
The results due to the variation of Γ for the values of 10−10 GeV , 10−15 GeV , 10−18 GeV
and 0 GeV are shown in Fig. 2. The blue dashed and brown dotted curves represent the
actual number of φDM and N per comoving volume, respectively. For larger values of the
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Yukawa coupling yN i.e., larger decay width, the decay term of N in Eq. (3.2) dominates
over the other interactions of N before the annihilation effect of N becomes weaker than
the dilution effect of the Universe expansion. Hence due to the decay effect, N remains
in thermal bath for much longer time compared to the case when there is no decay term
present in the analysis. Thus for this case, N can remain in thermal bath continuously
before the DM candidate φDM decouples and the result can be seen from Figs. 2(a) and
2(b), which reproduce the standard result assuming N in thermal equilibrium. In other
words, for this parameter space, the combination of the interaction of N and its decay effect
gives back the result obtained by solving single Boltzmann equation where N assumes to be
in equilibrium. On the other hand, as decay width decreases, the decay effect is negligible in
the early stage when both N and φDM decouple first from the annihilation effect and then
the DM relic density is depleted further by the decay effect coming in later as in Fig. 2(c).
For much smaller decay rate, its effect never becomes effective leaving the DM relic density
as in Fig. 2(d) with Γ = 0. In Ref. [15] a similar qualitative behavior of YDM solution is
found in a completely different context.
The relic abundance of the DM candidate φDM can be evaluated by,
Ωh2 =
mDMs0YDM(∞)
ρc/h2
, (3.4)
where s0 = 2890 cm−3 is the current entropy density of the Universe and ρc/h2 = 1.05 ×
10−5 GeV /cm3 is the critical density. YDM(∞) is the asymptotic value of the actual num-
ber of φDM per comoving volume obtained from numerical solutions of the corresponding
Boltzmann equations.
We calculate the velocity-averaged DM annihilation cross-section for the contribution
to NN final state through s-channel S0 exchange (Fig. 1(a)). The leading term i.e., the
s-wave contribution in the non-relativistic limit s = 4m2DM is
〈σv〉φDM φ∗DM→NN ≡ 〈σv〉0 =
λ2Nλ
2
DSv
′2
64pim2DM
√
1− m
2
N
m2DM
m2DM −m2N(
4m2DM −m2S0
)2
+m2S0Γ
2
S0
, (3.5)
where ΓS0 is the total decay width of the scalar S0. As discussed earlier, S0 interacts to the
right-handed neutrinos dominantly, the total decay width of S0 is saturated by its decay to
N pair and/or φDM pair which is given by
ΓS0 =
m2NmS0
16piv′2
(
1− 4m
2
N
m2S0
)3/2
cos2α +
λ2DSv
′2
64pimS0
(
1− 4m
2
DM
m2S0
)1/2
. (3.6)
To illustrate the effects of three different scenarios, we show the variation of thermal
relic density with the DM mass mDM in Fig. 3(a), by choosing a benchmark point mN =
100 GeV , mS0 = 300 GeV , mh = 125 GeV , mZ′ = 3 TeV and λDS = 0.3. We mention
that Fig. 3 is highlighted for a particular benchmark point and it is easily understood that
the observations made here can be realized in other regions in the parameter space as well.
The green squares correspond to the case where the right neutrino N is assumed to be
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Figure 3. (a) The comparison of relic density obtained for three different scenarios is shown as
a variation of the DM mass mDM . The red points denote the proper solutions of the coupled
Boltzmann equations (3.1) and (3.2). The orange points represent the solutions assuming the
vanishing decay rate and the green squares correspond to the solutions for the right-handed neutrino
N in thermal equilibrium. By adjusting the Yukawa coupling yN , the observed relic density can
be satisfied over a 30 GeV range around resonance region of the B − L scalar S0. The masses for
the other parameters are chosen as mN = 100 GeV , mS0 = 300 GeV , mh = 125 GeV , mZ′ = 3TeV
and λDS = 0.3. (b) The variation of yN with mDM corresponding to the red points, which satisfies
observed relic density, in the left panel figure where the N decay effect is included in the Boltzmann
equations. A larger coupling yN i.e., larger decay width is needed to satisfy relic away from the S0
resonance region.
in thermal equilibrium and hence the result is obtained by solving only one Boltzmann
equation. It can be seen that for most of the parameter space the annihilation rate is small
and can not explain the observed relic abundance by Planck data Ωh2 = 0.1199 ± 0.0027
[1] (shown in the black dotted line). The criteria for correct relic abundance is satisfied
only at the near resonance region of the scalar S0, virtually at two points one before and
the one after the S0 resonance. The orange solid squares depict the case when interactions
of N are considered in the theory. The two coupled Boltzmann equations (Eqs. (3.1)
and (3.2)) are solved without the decay effect of N . As NN → Z ′ → ff¯ annihilation
rate is suppressed due to the large Z ′ mass, N decouples earlier than the DM and hence
this scenario corresponds to overabundance of the DM particles. The situation improves
significantly after incorporating the decay effect of N which can be seen from the red points.
By adjusting the Yukawa coupling yN , we can satisfy the relic density over a 30 GeV range
around resonance region of the B −L scalar S0. Figure 3(b) illustrates the variation of yN
with mDM corresponding to the red points, which satisfy observed relic density, in the left
panel figure. A larger coupling yN i.e., larger decay width is needed to satisfy relic away
from the S0 resonance region.
It can be seen that from the curve with green squares, there exist two positions, one
before and the one after the S0 resonance, where the observed relic abundance is satisfied.
At the top of the resonance due to the huge enhancement of φDM φ∗DM → S0 → NN
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Figure 4. The contour plot for direct detection cross-section through a t- channel Z ′ exchange is
shown in mDM −mZ′ plane. The left panel (a) corresponds to qDM = 1/2 and the right panel (b)
is obtained for qDM = 3/2. The red, yellow, blue and orange shaded regions denote cross-section
greater than 10−45 cm2, within 10−45cm2 − 10−46 cm2, within 10−46cm2 − 10−47cm2 and within
10−47cm2−10−48cm2, respectively. The red solid, green dot and blue dashed curves are the current
or future bounds obtained in XENON1T [6], LUX-ZEPLIN [17] and XENONnT [18] experiments,
respectively. The region below the mentioned curves are excluded at 90% confidence level. We
assume the B − L gauge coupling gBL = 0.3 for both the panels.
annihilation cross-section the relic density is very suppressed ∼ 10−5. Similar observation
was made in Ref. [12] and as discussed that it is difficult to find viable models right on top
of the resonance due to the suppression of relic density, we show that by incorporating the
decay effect of right-handed neutrino N in the analysis, one can evade such problem.
4 Constraints from direct detection experiments
In this section we discuss the bound from the DM direct detection experiments. In the
model under consideration, the DM is scalar particle and interacts with the nucleons either
via t- channel exchange of the gauge boson Z ′ or the SM Higgs boson h. The contribution
from h exchange to the scattering cross-section depends strongly on the DM-Higgs coupling
λDH . The value of λDH is not of relevance for the purpose of our paper. Hence in this
section we restrict ourselves on the DM-nuclei interaction through Z ′ only.
The effective Lagrangian describing the scattering off the scalar DM particle φDMwith
the nucleon by Z ′ mediated channel is
Leff = iqDMg
2
BL
3m2Z′
V µq¯γµq, q ∈ {u, d}, (4.1)
– 10 –
where V µ is the vector current arising from the kinetic term of the DM particle φDM .
Decomposing φDM in terms of real and imaginary components as φDM = (φ1 + iφ2) /
√
2, we
get V µ ' (φ1∂µφ2 − φ2∂µφ1).
The SI DM-nuclei scattering cross-section for the scalar DM mediated by a t-channel
gauge boson Z ′ is [16]
σNSI =
1
16pi
(
MN mDM
MN +mDM
)2
|bN |2, (4.2)
where MN is the mass of the nuclei and the coefficient bN is given by
bN = (A− Z) bn + Zbp, bn = bu + 2bd, bp = 2bu + bd, (4.3)
with Z and A are the atomic and mass number of the nuclei, respectively. In terms of our
model parameters
bn = bp = i
qDMg
2
BL
m2Z′
.
Thus the SI scattering contribution for the DM and a single nucleon with mass Mn is
σZ
′
SI =
1
16pi
(
MnmDM
Mn +mDM
)2 q2DMg4BL
m4Z′
. (4.4)
In Fig. 4, the predictions for SI scattering cross-section σZ′SI is shown in the plane
mDM−mZ′ . We assume the B−L gauge coupling gBL = 0.3. The left panel (a) corresponds
to qDM = 1/2 and right panel (b) is obtained for qDM = 3/2. The red, yellow, blue and
orange shaded regions denote cross-section greater than 10−45 cm2, within 10−45cm2−10−46
cm2, within 10−46cm2 − 10−47cm2 and within 10−47cm2 − 10−48cm2, respectively. The
red solid, green dot and blue dashed curves are the current or future bounds obtained in
XENON1T [6], LUX-ZEPLIN [17] and XENONnT [18] experiments, respectively, where the
region below the mentioned curves are excluded at 90% confidence level. It can be inferred
that for the DM mass below 1 TeV , the direct detection limit from XENON1T experiment
is strongly competing with the current collider bounds on the mass of the Z ′ gauge boson.
It should be noted from Eq. (4.4) that due to the proportionality of σZ′SI on q
2
DM the bound
on mZ′ is stronger when the B − L charge of φDM increases.
5 Right-handed neutrino phenomenology
In the model under consideration, the right-handed neutrinos are introduced to assure the
B−L gauge anomaly cancellation. The small neutrino mass terms are generated via Type-
I seesaw mechanism as can be seen from Eq. (2.1). The right-handed neutrinos are SM
gauge singlet but are charged under B − L as shown in Table 1. As discussed in Sec. 2,
only one of the three Ni’s is lighter than the DM candidate, in this section we consider
the phenomenology of the mentioned right-handed neutrino N with a mass ≤ O(TeV). The
coupling yN of the right-handed neutrino N with the SM leptons are Yukawa type, which
governs its decay in three possible channels and the decay widths are given in Eqs. (2.12)-
(2.14). However, the production of right-handed neutrino N is dictated by its B−L charge
– 11 –
and the gauge coupling, which is electro-weak in nature. Below we discuss the production
and decays of the right-handed neutrino at the LHC.
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Figure 5. The variation of production cross-section of right-handed neutrino N pair with its mass
mN , at 14 TeVLHC. The other parameters are chosen such that mh = 125 GeV , mS0 = 354 GeV ,
mDM = 178 GeV , mZ′ = 3 TeV and gBL = 0.3.
5.1 Production
The dominant production mode for N pair is in the s-channel via Z ′ gauge boson. Due
to the mass bound of Z ′, i.e., mZ′ ≥ 2.8 TeV [14] from LHC, such mode is suppressed.
Nevertheless, it is the only dominant mode available for the production. In Fig. 5 we
present the pair production cross-section of right-handed neutrino N at the LHC with 14
TeV ECM with a choice of PDF as CTEQ6L [19]. The renormalization and factorization
scale is chosen to be
√
sˆ. The other parameters are fixed atmh = 125 GeV ,mS0 = 354 GeV ,
mDM = 178 GeV , mZ′ = 3 TeV and gBL = 0.3. Since the coupling is electro-weak in nature
and due to heavy Z ′ exchange, we can see that the cross-section merely turns out be O(fb).
5.2 Decay
The right-handed neutrino can decay into the modes with SM gauge bosons and leptons
via mixing which is proportional to the Yukawa coupling y2N , and the decay widths for
the mentioned modes can be found in Eq. (2.12)-(2.14). We have seen in Sec. 3 that, to
satisfy the observed relic density a tiny value of yN ∼ 10−8 is needed for a right-handed
neutrino mass mN ∼ O(100)GeV. Such a low Yukawa coupling slows the decay rate which
in turn gives rise to displaced decays of the right-handed neutrino. In Fig. 6 we show the
total decay width of the right-handed neutrino as a variation of its mass mN and Yukawa
coupling yN . The different shaded regions of the decay width from 10−16 GeV to 10−13 GeV
are shown in red, orange, brown and yellow, respectively. It is evident from Fig. 6 that there
is significant region of parameter space that can be explored in the collider searches which
comprise of displaced vertex signatures. Decays of such right-handed neutrino into charged
leptons and gauge bosons leave displaced charged track at the collider. In the following
collider study we search for such displaced final states at the LHC with 14 TeV ECM by
choosing some suitable benchmark points.
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Figure 6. The total decay width of the right-handed neutrino is shown as a variation in mN − yN
plane. The different regions of the decay width from 10−16 GeV to 10−13 GeV are shown in red,
orange, brown and yellow, respectively.
5.3 Benchmark points and collider signature
We choose two benchmark points defined in Table 2 to investigate the collider phenomenol-
ogy of the right-handed neutrino N at the LHC. The benchmark points are chosen such
a way that they satisfy the observed relic density by the DM annihilation via s-channel
S0 exchange and also have displaced decays for the right-handed neutrino N . The BP1
deals with relatively lighter DM particle and right-handed neutrino masses 176 GeV and
110GeV, compared to BP2, where the masses are 600 GeV and 500GeV, respectively. Be-
low we explore the effect of different mass spectrum in the kinematics of the decay products
of the right-handed neutrinos N .
mh mS0 mDM mN mZ′
BP1 125 GeV 300 GeV 165 GeV 110 GeV 3 TeV
BP2 125 GeV 1225 GeV 600 GeV 500 GeV 3 TeV
Table 2. Masses of different particles for two benchmark points.
The right-handed neutrino with lighter mass (in BP1) decays mainly to gauge boson
modes, i.e., Zν and W±e∓. For higher mass of mN (in BP2), N decaying to hν and S0 ν
are also feasible. The decay branching fractions are given in Table 3 for the two benchmark
points and it is visible that hν mode is open only for BP2, where all three modes share
the branching fractions almost equally. However, for BP1 W±e∓ is the most dominating
mode. The choice of mass spectra in the benchmark points didn’t allow its decay to S0 ν
via mixing. The decay widths of N are proportional to y2N , as can be seen from Eqs. (2.12)-
(2.14). Later we discuss that such small couplings can cause displaced decays of N , which
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give rise to displaced charged leptons or bosons. Looking into the decay of N →W±e∓, it
can easily be understood that the W± will go through prompt decays which will give rise
to either two jets or one charged lepton. Thus displaced 2`, 3` and 4` predicted by the
mentioned decays are the golden channels to look for at the LHC.
There are other studies in the context of the displaced decays of right-handed neutri-
nos for Type-I seesaw where the displaced decay width of right-handed neutrino is propor-
tional to the corresponding Yukawa couplings y2N [20]. The situation however changes a
lot in the context of supersymmetry as the superpartners of right-handed neutrino i.e., the
right-handed sneutrino can also undergo displaced decays via the mixing with left-handed
sneutrinos. In some parameter space, such mixing angles go to very small values caused
by cancellation in the parameter space apart from the Type-I seesaw type suppression.
This prompts the displaced decays of such right-handed neutrinos into charged and neutral
leptons [7, 21].
For the model under consideration, we simulate the right-handed neutrino events, pair
produced at the LHC with displaced charged leptons final states. We used CalcHEP,
PYTHIA [22, 23] for the event generation and simulation. The jet formation has been
performed using the Fastjet-3.0.3 [24] with the CAMBRIDGE AACHEN algorithm. We have
selected a jet size R = 0.5 for the jet formation, with the following criteria:
• the calorimeter coverage is |η| < 4.5
• the minimum transverse momentum of the jet pjetT,min = 10 GeV and jets are ordered
in pT
• leptons (` = e, µ) are selected with pT ≥ 20 GeV and |η| ≤ 2.5
• no jet should be accompanied by a hard lepton in the event
• ∆R`j ≥ 0.4 and ∆R`` ≥ 0.2
• Since an efficient identification of the leptons is crucial for our study, we additionally
require a hadronic activity within a cone of ∆R = 0.3 between two isolated leptons to
be ≤ 0.15 p`T GeV, with p`T the transverse momentum of the lepton, in the specified
cone.
Branching BP1 BP2
fractions of N
W±e∓ 79% 51.6%
Zν 21% 25.7%
hν – 22.7%
Table 3. Branching fractions of the right-handed neutrino N to different decay modes for BP1
and BP2 where the total decay widths are 1.09× 10−15 GeV and 1.74× 10−14 GeV , respectively.
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Figure 7. The transverse momentum of the charged leptons arising from the decay of N and the
correspondingW± for the two benchmark points at the 14 TeVLHC. The BP1 and BP2 are defined
in Table 2.
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Figure 8. The transverse decay length of the right-handed neutrino N in meter for BP1 and in
centimeter for BP2 at the 14 TeVLHC, after imposing the basic cuts in a PYTHIA based simulation.
The BP1 and BP2 are defined in Table 2.
Figure 7 shows the transverse momentum of the charged leptons arising from the decays
of N and the corresponding W± for the two benchmark points. The more phase space in
the case of BP2 allows the charged lepton to be of very high energy O(TeV), much higher
than the BP1 case, which is around few hundreds of GeV. Two such different scenarios can
thus be distinguished by applying appropriate lepton pT cuts and if exist, will be discovered
at the LHC with 14 TeV ECM .
The charged leptons arising from the decays of right-handed neutrino N are produced
after some travel time of N , giving rise to displaced charged tracks. The displaced W±s’
produced from such decays go through a prompt decay to either charged leptons or quarks,
leaving the possibility of another displaced charged track. Figure 8(a) and Fig. 8(b) show
the transverse decay length of the right-handed neutrino N produced at the LHC for BP1
– 15 –
Final BP1 BP2
states
≥ 2` 33.7 31.6
≥ 3` 5.5 8.5
≥ 4` 2.9 1.1
Table 4. Final state numbers for 2`, 3`, 4` at the 14 TeV LHC at an integrated luminosity of 100
fb−1.
and BP2, respectively. It is evident that the charged track can be seen from few centimeters
(for BP2) to few meters (for BP1) length for those particular choice of parameter spaces.
Obviously such signals have no SM backgrounds making them completely clean in nature.
In Table 4 we present the signal numbers at an integrated luminosity of 100 fb−1. It can
be seen that for 2` case, we have sufficient events to probe such parameter space. For
displaced 3` and 4` signals, one has to wait for higher luminosities depending on the choice
of benchmark points. Non-observation of such displaced charged tracks clearly put bounds
in the mZ′ −mN parameter space at a given luminosity. Below we explore the mentioned
parameter space that can be ruled out at the LHC with increasing luminosity.
100fb-1
1000fb-1
3000fb-1
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m
Z′ in
Te
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Figure 9. The exclusion limits derived from the non-observation of displaced di-leptonic charge
tracks arising from the right-handed neutrino N decays are shown in mN −mZ′ plane at 95% CL
for three different luminosities at the 14 TeV LHC. The deep, lighter and lightest purple regions
denote the exclusion regions within the 100 fb−1, 1000 fb−1 and 3000 fb−1 of integrated luminosities,
respectively, at the LHC.
Utilizing the non-observation of displaced di-leptonic charge tracks arising from the
right-handed neutrino decays, we put bounds on the mass of Z ′, which is highlighted in
Fig. 9. It depicts the bounds on mZ′-mN plane for non-observation of displaced di-leptons
at 95% CL assuming 30% acceptance as obtained for the mass range of mN (similar to the
case of BP1). At 100 fb−1 integrated luminosity, such events exclude mZ′ . 5.5 TeV for
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mN ∼ 100−400 GeV. The region below the solid line (dark purple region) can be ruled out
within the integrated luminosities of 100 fb−1. Similarly mZ′ . 9.5 TeV can be excluded
at 1000 fb−1 (dashed line) and mZ′ . 12.5 TeV can be ruled out at 3000 fb−1 (dotted line)
of integrated luminosities at the LHC with 14 TeV ECM .
6 Discussions and conclusions
In this paper we focus on an extension of the SM where the B − L charged right-handed
neutrinos have three different as well as important consequences in the BSM physics. First,
it provides the explanation of tiny neutrino masses via Type-I seesaw mechanism. Second, as
the right-handed neutrinos are charged under U(1)B−L gauge group, it gives rise to the much
needed annihilation mode for B−L charged but SM gauge singlet scalar DM candidate. The
s-channel annihilation occurs via the B−L symmetry breaking scalar which is a SM gauge
singlet. Furthermore, the displaced decay of the right-handed neutrinos provide interesting
signatures at the LHC and future colliders which can be used to indirectly constrain the
mass of the B − L gauge boson Z ′.
The requirement of correct DM relic density needs the annihilation of DM pair to
the right-handed neutrino pair which decay further to the SM particles. Such decays of
right-handed neutrinos are included in the analysis and the impact of the decay effect is
prominent in Fig. 3. By changing the decay width, the mass gap between the two points
in the DM mass axis is completely eliminated and observed relic is satisfied over a 30 GeV
range near the B−L scalar S0 resonance region. It thus makes the parameter space viable
for models. Given the bounds on mZ′ from collider experiments, we concentrate on the
scenario where s-channel annihilation via B − L symmetry breaking scalar is dominant.
Existence of such scalar is crucial, not only for generating the Z ′ boson mass but also for
obtaining the correct DM abundance. However, production of such SM singlet scalar is
challenging due to the absence of coupling with the quarks. Given the tiny mixing angle
with SM Higgs boson and with mS0 > mh, it is difficult to discover such scalar at the LHC.
We study the bound on the mass of Z ′ from SI DM-nuclei scattering cross-section
measured in direct detection experiments. As the scattering cross-section is proportional
to q2DM, qDM being the B − L charge of the DM, the limits on mZ′ are more stringent with
increasing charge of the DM and thus competes with recent Z ′ searches at the LHC.
In this paper, we also investigate the production and decays of the right-handed neutri-
nos at the LHC. The right-handed neutrinos decay into the SM gauge boson, Higgs boson
and leptons via Type-I mixing terms and the decay widths are proportional to the Yukawa
coupling y2N . Consequently, the decay widths are much smaller and lead to the displaced
decays of the right-handed neutrinos and thus result in displaced charged track of leptons.
Signals of this kind are mostly free from SM backgrounds and easy to probe at the LHC.
We show a data of 100 fb−1 of integrated luminosity is sufficient to probe mZ′ ∼ 5.5 TeV
at the 14TeVLHC.
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